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Abstract

The unsteady velocity and temperature fields are measured in a straight smooth and rib
roughened square duct, representative of a stator cooling channel. The mainstream Reynolds
number is 3 10*. Single cold and hot wire probes as well as a dual hot/cold wire probe are used
for this purpose. The experimental results are compared to the predictions from FINE, a com-
mercial software package developed by Numeca International. This research work was perfor-
med while the second and third author were in residence at the von Karman Institute

Introduction

The improvement of gas turbine performance is intimately linked to the optimization of
each individual component, especially in the high-pressure turbine, which is submitted to high
thermal loads. The development and validation of numerical methods allowing to predict the
metal temperature distribution, as well as the associated convective heat transfer, are absolutely
needed in order to determine the life time of blades, endwalls, disks, etc... Considering the com-
plexity of this numerical simulation, an experimental approach still provides alot of useful results
in this area. It delivers information directly applicable in the design process of the components,
allows to verify their performance and finally contributes to the development of a database for
CFD vadlidation.

The classical way to improve the thermal efficiency of a gas turbine cycle is to increase
the turbine entry temperature. The latter is usually much higher than the allowable metal tempera-
ture. Efficient cooling techniques are therefore absolutely required. One of the commonly used
approachesisinternal convection cooling. The cooling air, usually drawn from the compressor, is
flown through narrow straight or serpentine passages inside the stator and rotor airfoils and blown
out at several locations. Turbulence promoters such as ribs or pin fins are provided on one or mo-
re surfaces of these passages in order to enhance significantly the heat transfer distribution. Asthe
minimum rib dimensions are usually limited by manufacturing constraints, and considering the
ever-increasing freestream temperatures, the coolant flow is more and more often subjected to
high blockage, i.e. larger ribsin smaller channels.

Paper presented at the RTO AVT Symposium on “ Advanced Flow Management: Part B — Heat Transfer and
Cooling in Propulsion and Power Systems”, held in Loen, Norway, 7-11 May 2001, and published in RTO-MP-069(1).



Report Documentation Page

Form Approved
OMB No. 0704-0188

Public reporting burden for the collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and
maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information,

including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington
VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to a penalty for failing to comply with a collection of information if it

does not display a currently valid OMB control number.

1. REPORT DATE
00 MAR 2003

2. REPORT TYPE
N/A

3. DATES COVERED

4. TITLEAND SUBTITLE

The Unsteady Temperature Field in a Turbine Blade Cooling Channel

5a. CONTRACT NUMBER

5b. GRANT NUMBER

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S)

5d. PROJECT NUMBER

5e. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)
NATO Resear ch and Technology Organisation BP 25, 7 Rue Ancelle,
F-92201 Neuilly-Sue-Seine Cedex, France

8. PERFORMING ORGANIZATION
REPORT NUMBER

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES)

10. SPONSOR/MONITOR'S ACRONYM(S)

11. SPONSOR/MONITOR'S REPORT
NUMBER(S)

12. DISTRIBUTION/AVAILABILITY STATEMENT

Approved for public release, distribution unlimited

13. SUPPLEMENTARY NOTES
Also see ADM 001490, presented at RTO Applied Vehicle Technology Panel (AVT)Symposium held in
Leon, Norway on 7-11 May 2001, The original document contains color images.

14. ABSTRACT

15. SUBJECT TERMS

16. SECURITY CLASSIFICATION OF:

a. REPORT
unclassified

b. ABSTRACT
unclassified

c. THISPAGE
unclassified

17. LIMITATION OF
ABSTRACT

uu

18. NUMBER | 19a. NAME OF
OF PAGES RESPONSIBLE PERSON

14

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std Z39-18



(SYB) 39-2

The flow regime in these cooling channels is definitely turbulent. In order to understand the
convection phenomena, the characteristics of the turbulent temperature field, such as temperature
fluctuation intensities and turbulent heat fluxes should definitely be examined in details. Hirota et
a. (1997) provided a detailed analysis of these quantities in a smooth straight duct with a square
cross-section. Similar information within rib roughened channels, especially for high blockage
ratios, seems however to be quite scarce in the open literature. Han (1984) proposed a simple
correlation, based one a one-dimensional analysis, to predict the surface heat transfer for low
blockage ratios (e/Dn < 0.0625). The measurements conducted by Rau et a (1998) proved
however that this correlation could not be applied anymore for larger rib heights. Similar data
were provided by Taslim et a (1994) for /Dy, = 0.167, by Tadim and Wadworth (1997) and
Korotky (1996) for e/D, = 0.133 ... 0.25 and by recently by Cakan (2000) for /Dy, = 0.3. In this
environment, the importance of the three-dimensional nature of the flow strongly increases. These
measurements put in evidence not only the recirculation bubbles existing in front, on top and
behind the ribs but also structures such as pairs of contra-rotating longitudinal vortices covering
the entire channel cross-section. However, flow temperature data (steady and unsteady) in these
high blockage configurations are not available in the open literature.

The objective of the paper is therefore to provide additional aero-thermal data in these
high blockage ratio cooling channels and to compare them with the predictions from a commer-
cia software package, FINE, developed by Numeca International. In afirst part, the analysis is
conducted in a smooth unribbed straight channel, in order to validate the approach against the
data of Hirota et a (1997). The second part of the paper deals with a roughened straight channel,
with ribs presenting a high blockage ratio (30 %). In the present paper, the measurements are
conducted in the symmetry plane of the channel.

Experimental apparatus

A schematic of the test setup is shown in Fig. 1. Air at ambient temperature and atmos-
pheric pressure is aspirated by means of a blower through a straight channdl (length = 3 m) with a
square cross-section (0.1 x 0.1 m?). The bulk velocity is set at 6 m/s, corresponding to a Reynolds
number value, based on the hydraulic diameter of the channel, of 3 10*. The setup is characterized
by an unheated starting length of 1 m and a heated part of 2 m. The heating is provided by a thin
(25 pm) Inconel sheet glued on one wall. This approach allows to enforce a uniform heat flux
thermal boundary conduction. Conduction and radiation losses are taken into account to obtain
the correct value of the convective heat flux. A detailed description of the test section is provided
by Rau et a (1998) and Cakan (2000). The ribs are made out of Plexiglas, and covered with the
same heating element. They have a square section (0.03 x 0.03 m?), i.e. /Dy, = 0.3, and are placed
perpendicularly to the freestream direction. Six ribs are used; the rib pitch to height ratio is equal
to 10. Asindicated in Fig. 1, all measurements are taken between the 4™ and the 5" rib, where the
flow conditions are expected to be periodical.

Traverses Honeycomb
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Fig. 1 — Schematic view of the test section
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The time-resolved freestream flow temperature is obtained by means of cold wire ther-
mometry. Frequency compensation must be applied in order to correct the unsteady conduction
phenomena between wire and prongs, as suggested by Dénos and Sieverding (1997). The signal is
sampled at a frequency of 20 kHz. The velocity measurements are performed by means of hot
wire anemometry. Simultaneous measurements are taken in addition with a dua hot/cold wire
probe. The two wires are parallel, with the cold wire placed upstream (from a flow direction point
of view) of the hot one. The comparison of the single and dual probe measurements demonstrates
that no spurious interaction between the wires could be put in evidence. The characteristics of the
3 probes are presented in Table 1.

CHARACTERISTICS Sn\%\l/eir%dd H?tn\?\/liere Cold VI\)/:Jri] Prcl)-lljgt Wire
Wire Diameter [um] 25 9 25 9
Distance prongs[mm] 0.73 1.9 0.85 15
Active Length [mm] 0.73 19 0.85 15
Dynamic response [kHZ] 1 15 1 15
Resistance[Q] ~7.0 ~24 ~6.8 ~2.3

Table 1 —Probe characteristics

Velocity and temperature traverses are made perpendicularly to the heated smooth or
ribbed wall in the longitudinal symmetry plane of the channel. The different measurement planes
of the ribbed channel are defined in Fig. 2; they are located at respectively 1, 3, 4, 5, 7 rib heights
downstream of the rear face of the 4" rib. An additional measurement plane is defined on top of
the 5™ rib. Control thermocouples are used to determine the local mean temperature at the wall
and along the axis of the channel in order to normalize the data obtained from the cold wire.

wall
Mid-channel ~a thermocouples
f\ther mocoup}lg A~~~ ~
N N N Ay Ay

[
I i< =
Xlet 9.5 T 54 3 Xles1

Fig. 2 — Definition of measurement planes

The uncertainties associated to the measurements are evaluated to be 0.5 deg and 0.35
deg, respectively for the mean and fluctuating values of the temperature and 0.09 m/s for the fluc-
tuating component of the velocity.
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Numerical predictions

The FINE code, developed by Numeca International, is used to provide numerical pre-
dictions. It is a multi-purpose solver for 2D and 3D flows. Structured meshes are used and com-
plex geometries can be handled through a multi-block meshing procedure. In the present low
speed application, the Reynolds-averaged Navier-Stokes equations are solved with the help of a
preconditioning method based on a pseudo compressibility approach. The space discretization is
based on afinite volume approach whereas the time discretization uses a multi-stage Runge-K utta
procedure. The combination of multigrid and implicit residual averaging procedures is used for
convergence acceleration. More detailed information about the solver is provided by Hirsch et a
(1991, 1995).

Different turbulence models were considered, namely the well known algebraic Baldwin-
Lomax (1978) model, a standard k- model (Launder and Spalding, 1974), alow Reynolds hum-
ber k-€ model (Yang and Shih, 1993) and a non linear k- model, based on the Y ang-Shih model
(Hirsch and Khodak, 1995). Wall functions were used in the case of the standard k- model.

The comparisons between measurements and calculations presented in this paper
exclusively concern the flow temperature field, which is undoubtly the most difficult quantity to
predict. Comparisons between the kinematic fields, expressed in terms of velocity distributions,
separation or reattachment lengths ... are generally good, demonstrating the ability of FINE to
handle this part of the flowfield. However, due to space limitations and because additional PIV
measurements are presently underway at the VKI, a detailed discussion of the velocity field will
be presented in the near future.

Resultsin the smooth channel

Mean profiles
Fig. 3 shows part of the 2D and 3D meshes used for the calculations with FINE. The

number of grid points are respectively equal to 81x49 (2D) and 81x49x49 (3D); this corresponds
to y" values of the first cell respectively equal to 3.0 (2D) and 5.0 (3D). A 1/7" power law is used
to define the inlet velocity profile. The other quantities (inlet temperature, wall heat flux and Rey-
nolds number) are derived from the measured values.

Fig. 3—2D and 3D gridsused for the FINE calculationsin the smooth channel

The measured and cal culated mean temperature profiles are compared to values extracted
from literature (Hirota et al, 1997 and Kays and Crawford, 1980) in Figs. 4 (2D computations)
and 5 (3D computations); wall coordinates (y* and T*) are used for this purpose:

T =-pCyu T—Twal y* = yU;
p Ut
Qwall v

)
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The measured values agree quite well with the values from literature, giving confidence
in the experimental approach. The 2D predictions with FINE (in the present case with the non-
linear k- model) also agree with the measurements but only for values of y* larger than 30 (Fig.
4). Closer to the wall the predictions are worse. Similar conclusions are drawn when the other
turbulence models are used. This could be due either to an insufficient grid resolution or to an
incorrect thermal turbulence modeling near the wall. Measurements from Hishida (1986), confir-
med by some LDV measurements in the present setup at VKI, indeed show that the turbulent
Prandtl number is not constant close to the wall. The 3D computations revea a relatively poor
performance of the Baldwin-Lomax model and, up to some extent, of the standard k-¢ model

(Fig. 5).

25
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Fig. 4 — Mean temperature profiles— Measurements and 2D computations
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Fig. 5—Mean temperature profiles— M easurements and 3D computations

RMS profiles
The measured RMS profiles of temperature and streamwise velocity (single and dual

probes) are plotted in Figs. 6 and 7 whereas the velocity-temperature correlation (dual probe) is
presented in Fig. 8. The RMS values are defined as follows:

* T * U \* T
TRMS == = Urms = uT) =-100 ) ) @

Twal = Tmid mid U mid (Twall = Tmid
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The subscripts (mid) and (wall) refer to the values measured respectively on the wall and a-
long the axis of the channel. Good agreement is again observed with the data of Hirota et a. The
present measurements provide however better resolution near the wall.

The hot wire probe used in the present test campaign does not allow the determination of the
velocity component normal to the wall. The turbulent heat flux can therefore not be measured.
Only the comparison between the results from FINE and the data from Hirota et a is therefore
presented in Fig. 9, according to the following expression:

oT epm OT
‘V'T' =—y—=—-—— 3
) Hay ™ Pr ooy )

where gy and g, are the eddy diffusivities for momentum and heat and Pr; is the turbulent Pranadtl
number. The results from FINE agree quite well with the data from Hirota for y/Dy, values larger
than 0.2. Closer to the wall, large discrepancies are however observed. As mentioned earlier, this
could be due to insufficient grid resolution or, much more probably, to the effect of Pr, variations
near the wall. Additional LDV measurements, not reported in the present contribution, show in-
deed large values of Pr, in this region; the calculations therefore largely overestimate the turbulent
heat flux.

0.12

Y/Dh [-]

—2&— Cold Wire —o— Dual Probe —— Hirota |

Fig. 6 — RM Stemperature profiles (M easur ements)
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Fig. 7—RM S streamwise velocity profiles (M easur ements)
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From the author’'s experience, this overestimation is also observed with other software
packages. It therefore definitely calls for more accurate thermal turbulence models in the existing
solvers.

(Ty* [

0 0.2 0.4 0.6 0.8 1
Y/Dh [

—o— Dual Probe

Hirota |

Fig. 8 — Velocity/Temperature correlation profiles (M easur ements)
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Fig. 9 — Turbulent heat flux profiles (Computations)

Resultsin theribbed channel

Mean and RM S temperature profiles

The mean temperature profiles in the 6 measurement planes are presented in Fig. 10; the
dotted line shows the upper surface position of the rib. These measurements are obtained from the
single cold wire probe. The values of temperature are normalized as follows:

_I_* — T - Tmld (4)
Twal = Tmid

The mean flowfield is expected to be characterized by a large recirculation zone down-
stream of the rib, a reattachment (X/e ~ 3.5 ... 4.0), the development of a new boundary layer, a
separation upstream of the next rib and a separation on top of the rib (Rau et al, 1998). In the pla-
ne X/e = 1, including the first recirculation zone, the mean temperature profile is relatively cha
racteristic. The highest temperatures are measured close to the wall and a large temperature
gradient is observed around y/Dy, = 0.3 (the upper surface of the rib). Similar characteristics are
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observed in the planes X/e = 3 and 4. In planes X/e = 5 and 7 the larger temperature gradients
around the rib height have disappeared. At X/e = 9.5, i.e. on top of the rib, high temperature
gradients close to the surface are again identified.

0.05 4

-0.05

Y/Dh [-]

—eo—Xle=1 —o0—X/e=3 —a—Xle=4 —a—Xle=5
—0—Xe=7 —m®—Xe=95 ------ Rib height

Fig. 10 — Mean temperature profilesin theribbed channel (measurements)

T*rms [']

0 01 02 03 04 05 06 07 08 09
Y/Dh [-]

—e—Xle=1 —o—Xle=3 —a—Xle=4 —a—Xle=5
—m—Xle=7 —0—X/e=95 ------ Rib height

Fig. 11 - RM Stemperature profilesin theribbed channel (measurements)
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The RMS temperature profiles are presented in Fig. 11. The values are normalized as in
the preceding section (equ. 2). Besides the high RM S vaue near the wall, a second maximum is
identified around y/Dy = 0.35, i.e. dightly above the rib, for the planes X/e = 1, 3 and 4. This
seems to be correlated to the higher mean temperature gradients observed in the same area, and
therefore to the recirculating region. In addition, the height of this peak does not vary alot in the
streamwise direction. In the planes X/e = 5 and 7, located downstream of the reattachment point,
this second maximum is not observed anymore.

RMS velocity and temperature profiles

The comparison between the RM S velocity and temperature profiles in the planes X/e=1,
3and 4 is presented in Figs 12 to 14. The values are normalized as in the preceding section (equ.
2). The location of the maximum in Urws appears to vary from y/Dy, = 0.3, i.e. the rib height, at
X/e =1 towards the wall when moving more downstream (X/e = 3 and 4), as expected from the
mean shear layer behaviour downstream of the rib. The temperature, if considered as a passive
scalar, should follow the same tendencies. This is not observed. Hishida et a (1986) performed
similar measurements and observed similar tendencies. The reason for these different behaviours
in fluctuating RM S temperature and vel ocity distributionsis yet not fully understood. Let us final-
ly remark that these measurements were made both with the single and the dual probe, optimizing
the relative position of the two sensors in forward or return flow and leading to similar
conclusions.

0 01 02 03 04 05 06 07 08 09
Y/Dh [-]

Fig.12—-RMSVelocity and Temperaturedistributions (X/e=1)
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Fig.13—RMSVelocity and Temperature distributions (X/e=3)
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Thms, Uttms [-]
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Fig.14 —RM S Velocity and Temperaturedistributions (X/e=4)

Numerical predictions

A portion of the 3D mesh used for the numerical predictionsis presented in Fig. 15. The
full channel is meshed; a multi-block strategy is applied. A total number of 642.209 grid points
are used; they* value of the first cell is about 2.5.

Fig. 15— Portion of the 3D grid used for the FINE calculationsin theribbed channel

The standard k-€ turbulence model is used. The boundary conditions are extracted from
the measurements. The reattachment point of the flow downstream of therib is calculated at X/e=
3.66 (in the symmetry plane). This agrees quite well with the measurements from the dual probe.
Typical mean temperature profiles are presented in Figs 16 and 17 respectively at X/e=1 and 5.
The common characteristic between those results is that the gradients very close to the wall are
not so well captured. Further away, the measurements agree quite well with the predictions. A
comparison was also made with mean heat transfer coefficient distributions measured by Cakan
(2000). The measured and calculated data agree quite well qualitatively along the ribbed wall; the
guantitative comparison is however poorer.
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Fig. 16 — Measured and computed mean temper atur e profile (X/e=1)
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Fig. 17 —Measured and computed mean temper atur e profile (X/e=5)

Conclusions

The time-resolved velocity and temperature fields were measured in a smooth and rib
roughened straight channel with a square cross-section. Single cold and hot wire probes as well as
adual cold/hot wire probe were used for this purpose. The measured results were compared with
the predictions obtained from FINE, a commercia software package developed by Numeca Inter-
national.

The measurements in the smooth channel agree quite well with data from the open litera-
ture. The velocity field is quite well predicted and reasonable agreement is also observed with the
calculations of the mean temperature profiles. Turbulent heat flux predictions remain difficult to
perform. More attention must definitely be devoted to the thermal turbulence modeling aspects,
including anisotropy and variable turbulent Prandtl number effects.

The RMS velocity and temperature data seem to present different characteristics in the
ribbed channel. The flow features identified in the present study are in good agreement with ear-
lier data on similar configurations. The mean temperature profile predictions compare relatively
well with the measurements, except in the close wall vicinity. The reattachment point downstream
of theribisaso well predicted.
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List of Symbols

Co specific heat at constant pressure
Dy hydraulic diameter

E rib height

Pr, turbulent Prandtl number

Q heat flux

T temperature

T fluctuating component of temperature
U streamwise velocity

u, vV fluctuating component of streamwise and normal velocity
Ur friction velocity

X, Y, Z coordinates

€ eddy diffusivity for heat

Em eddy diffusivity for momentum
p density

) kinematic viscosity

Subscripts

mid along the axis of the channel
RMS root mean sguare

wall at thewall
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Paper Number: 39
Name of Discusser: H.B. Weyer, DLR Cologne

Question:
Would you be able —with your sophisticated facility end impressive measuring techniques—to
study natural transition-dependent of free stream turbulence and its effects on heat transfer?

Answer:

Thiswould depend on the type of flowfield. At low or moderate speed with reasonable boundary
layer thickness, | would suggest LDA or any optical method with sufficient frequency response.
At high speed, or in the case of thin boundary layers, | would use heat transfer measurements to
get quantitative results. Hot films, in most cases, provide only “ semi-quantitative” information,
which is maybe not sufficient, e.g. for validation purposes.

Name of Discusser: P. Kotsiopoulos, Hellenic Air Force Academy Attiki, Greece

Question:

Y ou mentioned the uncertainties associated to the measurements for the mean fluctuating values
of temperature and velocity.

How do you evaluate these uncertainties?

Answer:
The uncertainties were evaluated according to the well established Klilne and Mc Clintok
technique.
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